We present an absorption-line survey of optically thick gas clouds -Lyman Limit Systems (LLSs) -observed at high dispersion with spectrometers on the Keck and Magellan telescopes. We measure column densities of neutral hydrogen N HI and associated metal-line transitions for 157 LLSs at z LLS = 1.76 − 4.39 restricted to 10 17.3 cm −2 ≤ N HI < 10 20.3 cm −2 . An empirical analysis of ionic ratios indicates an increasing ionization state of the gas with decreasing N HI and that the majority of LLSs are highly ionized, confirming previous expectations. The Si + /H 0 ratio spans nearly four orders-ofmagnitude, implying a large dispersion in the gas metallicity. Fewer than 5% of these LLSs have no positive detection of a metal transition; by z ∼ 3, nearly all gas that is dense enough to exhibit a very high Lyman limit opacity has previously been polluted by heavy elements. We add new measurements to the small subset of LLS (≈ 5 − 10%) that may have super-solar abundances. High Si + /Fe + ratios suggest an α-enhanced medium whereas the Si + /C + ratios do not exhibit the super-solar enhancement inferred previously for the Lyα forest.
INTRODUCTION
As a packet of ionizing radiation (hν ≥ 1 Ryd) traverses the universe, it has a high probability of encountering a slab of optically thick, H I gas. For sources in the z ∼ 4 universe the mean free path is only ≈ 30 Mpc (physical; Worseck et al. 2014) , i.e. less than 2% of the event horizon. Observationally, researchers refer to this optically thick gas as Lyman limit systems (LLSs) owing to their unmistakable signature of continuum opacity at the Lyman limit (≈ 912Å) in the system restframe. A fraction of this gas lies within the dense, neutral interstellar medium (ISM) of galaxies, yet the majority of opacity must arise from gas outside the ISM (e.g. Fumagalli et al. 2011b; Ribaudo et al. 2011) . Indeed, the interplay between galaxies and the LLS is a highly active area of research which includes studies of the so-called circumgalactic medium (CGM; e.g. Steidel et al. 2010; Werk et al. 2013; Prochaska et al. 2014a) .
For many decades, LLS have been surveyed in quasar spectra (e.g. Tytler 1982; Sargent et al. 1989; StorrieLombardi et al. 1994) , albeit often from heterogeneous samples. These works established the high incidence of LLSs which evolves rapidly with redshift. With the realization of massive spectral datasets, a renaissance of LLS surveys has followed yielding statistically robust measurements from homogenous and well-selected quasar samples Songaila & Cowie 2010; Ribaudo et al. 2011; O'Meara et al. 2013; Fumagalli et al. 2013) . Analysis of these hundreds of systems reveals an incidence of approximately 1.2 systems per unit redshift at z ∼ 3 that evolves steeply with redshift (z) ∝ (1+z)
1.5 for z ≈ 1−5 (Ribaudo et al. 2011; Fumagalli et al. 2013) . With these same spectra, researchers have further measured the mean free path of ionizing radiation (λ 912 mfp ; O'Meara et al. 2013; Fumagalli et al. 2013; Worseck et al. 2014) , which sets the intensity and shape of the extragalactic UV background. Following the redshift evolution of the LLS incidence, λ 912 mfp also evolves steeply with the expanding universe, implying a more highly ionized universe with advancing cosmic time (Worseck et al. 2014) .
The preponderance of LLSs bespeaks a major reservoir of baryons. In particular, given the apparent paucity of heavy elements within galaxies (e.g. Bouché et al. 2006; Peeples et al. 2014) , the LLSs may present the dominant reservoir of metals in the universe (e.g. Prochaska et al. 2006 ). However, a precise calculation of the heavy elements within LLSs and their contribution to the cosmic budget has not yet been achieved. Despite our success at surveying hundreds of LLSs, there have been few studies resolving their physical properties and these have generally examined a few individual cases (e.g. Steidel 1990; Prochaska 1999) or composite spectra (Fumagalli et al. 2013) . This reflects both the challenges related to data acquisition and analysis together with a historical focus in the community towards the ISM of galaxies (probed by DLAs) and the more diffuse intergalactic medium (IGM).
At z > 2, a few works have examined the set of LLSs with high H I column density (N HI ≥ 10 19 cm −2 ), generally termed the super-LLSs or sub-damped Lyα systems. Their N HI frequency distribution f (N HI , X) and chemical abundances have been analyzed from a modestly sized sample (Dessauges-Zavadsky et al. 2003; Péroux et al. 2005; O'Meara et al. 2007; Zafar et al. 2013; Som et al. 2013 ). Ignoring ionization corrections, which may not be justified, these SLLSs exhibit metallicities of approximately 1/10 solar, comparable to the enrichment level of the higher-N HI , damped Lyα systems (DLAs; Rafelski et al. 2012) . In addition, a few LLSs have received special attention owing to their peculiar metal-enrichment Fumagalli et al. 2011a ) and/or the detection of D for studies of Big Bang Nucleosynthesis (e.g. Burles & Tytler 1998; O'Meara et al. 2006) . Most recently, a sample of 15 LLSs has been surveyed for highly ionized O VI absorption (Lehner et al. 2014) , which is present at a high rate. A comprehensive study of the absorption-line properties of the LLSs at high redshift, however, has not yet been performed.
Scientifically, we have two primary motivations to survey the LLSs at z > 2. First and foremost, we aim to dissect the physical nature of the gas that dominates the opacity to ionizing radiation in the universe. One suspects that these LLSs trace a diverse set of overdense structures ranging from galactic gas to the densest filaments of the cosmic web. Such diversity may manifest in an wide distribution of observed properties (e.g. metal enrichment, ionization state, kinematics). Second, modern theories of galaxy formation predict that the gas fueling star formation accretes onto galaxies in cool, dense streams (e.g. Kereš et al. 2005; Dekel et al. 2009 ). Radiative transfer analysis of hydrodynamic simulations of this process predict a relatively high cross-section of optically thick gas around galaxies (e.g. Faucher-Giguère & Kereš 2011; Fumagalli et al. 2011b Fumagalli et al. , 2014 FaucherGiguere et al. 2014) . Indeed, an optically thick CGM envelops the massive galaxies hosting z ∼ 2 quasars (Hennawi & Prochaska 2007; Prochaska et al. 2013) , LLSs are observed near Lyman break galaxies (Rudie et al. 2012) , and such gas persists around present-day L * galaxies (e.g. Chen et al. 2010; Werk et al. 2013) . The latter has inspired, in part, surveys of the LLSs at z < 1 with ultraviolet spectroscopy (e.g. Ribaudo et al. 2011; Lehner et al. 2013) .
Thus motivated, we have obtained a large dataset of high-dispersion spectroscopy on z > 3 quasars at the Keck and Las Campanas Observatories. We have supplemented this program with additional spectra obtained to survey the damped Lyα systems (e.g. Prochaska et al. 2007; Berg et al. 2014 ) and the intergalactic medium (e.g. Faucher-Giguère et al. 2008) . In this paper, we present the comprehensive dataset of column density measurements on over 150 LLSs. Future manuscripts will examine the metallicity, chemical abundances, kinematics, and ionization state of this gas. This manuscript is outlined as follows: Section 2 describes the dataset analyzed including a summary of the observations and procedures for generating calibrated spectra. We define an LLS in Section 3 and detail the procedures followed to estimate the H I column densities in Section 4. Section 5 presents measurements of the ionic column densities and the primary results of an empirical assessment of these data are given in Section 6. A summary in Section 7 concludes the paper.
DATA
This section describes the steps taken to generate a large dataset of high-dispersion, calibrated spectra of high redshift LLSs.
Our Survey
The sample presented in this manuscript is intended to be a nearly, all-inclusive set of LLSs discovered in the high-dispersion (echelle or echellette; R > 5, 000) spectra that we have gathered at the Keck and Magellan telescopes. Regarding Keck, we have examined all of the data obtained by Principal Investigators (PIs) A.M. Wolfe and J.X. Prochaska at the W.M. Keck Observatory through April 2012, and from PIs Burles, O'Meara, Bernstein, and Fumagalli at Magellan through July 2012. We also include the Keck spectra analyzed by Penprase et al. (2010) .
Each spectrum was visually inspected for the presence of damped Lyα absorption and/or a continuum break at wavelengths λ < 912Å in the quasar rest-frame. The complex combination of spectral S/N, wavelength coverage, and quasar emission redshift z em leads to a varying sensitivity to an LLS. No attempt is made here to define a statistical sample, e.g. to assess the random incidence of LLSs nor their N HI frequency distribution f (N HI , X). We refer the reader to previous manuscripts on this topic Fumagalli et al. 2013) . Because our selection is based solely on H I absorption, however, we believe the sample is largely unbiased with respect to other properties of the gas, e.g. metal-line absorption, kinematics, ionization state.
The sample was limited during the survey by: (1) generally ignoring LLSs with absorption redshifts within 3000 km s −1 of the reported quasar redshift z em , so-called proximate LLS or PLLS; and (2) generally ignoring LLSs with N HI < 10 17.3 cm −2 , especially when the S/N was poor near the Lyman limit. We note further that many of the Keck spectra were obtained to study damped Lyα systems (DLAs) at z > 2 (e.g. Prochaska et al. 2001 Prochaska et al. , 2007 Rafelski et al. 2012; Neeleman et al. 2013; Berg et al. 2014) . We have ignored systems targeted as DLAs and also absorbers within ≈ 1500km s −1 of these DLAs because the DLA system complicates analysis of the H I Lyman series and metal-line transitions of any nearby LLS. In § 3, we offer a strict definition for an LLS to define our sample of 157 systems.
Observations
We present data obtained at the W.M. Keck and Las Campanas Observatories using the twin 10 m Keck I and Keck II telescopes and the twin 6.5 m Baade and Clay telescopes. Altogether, we used four spectrometers: (1) the High Resolution Echelle Spectrometer (HIRES; Vogt et al. 1994) ; (2) the Echellette Spectrograph and Imager (ESI; Sheinis et al. 2002) ; (3) the Magellan Inamori Kyocera Echelle (MIKE; Bernstein et al. 2003) ; and (4) the Magellan Echellette Spectrograph (MagE; Marshall et al. 2008) .
The MagE spectra were presented in Fumagalli et al. (2013) and we refer the reader to that manuscript for details on the observations and data reduction. Similarly the ESI observations have been published previously in a series of papers (Prochaska et al. 2003b O'Meara et al. 2007; Rafelski et al. 2012) .
Observing logs for the HIRES and MIKE spectra are provided in Tables 1 and 2 a Magnitude from the SDSS database (r-band) or as listed in the SIMBAD Astronomical Database (V -band).
b Slit width employed. For the blue (red) side, a 1 slit yields a FWHM resolution of 10.7 (13.6) km s −1 for a source that fills the slit. c Median signal-to-noise per 3.0km s −1 pixel in the quasar continuum at ≈ 3400/4000Å. An X designates no flux. but not for a comprehensive LLS survey.
Data Reduction
The HIRES spectra were reduced with the HIRedux 6 software package, primarily as part of the KODIAQ project (Lehner et al. 2014) . Briefly, each spectral image was bias-subtracted, flat-fielded with pixel flats, and wavelength-calibrated with corresponding ThAr frames. The echelle orders were traced using a traditional flatfield spectral image. The sky background was subtracted with a b-spline algorithm (e.g. Bochanski et al. 2009) , and the quasar flux was further traced and optimally extracted with standard techniques. These spectra were flux normalized with a high-order Legendre polynomial and co-added after weighting by the median S/N of each order. This yields an individual, wavelength-calibrated spectrum for each night of observation in the vacuum and heliocentric frame. When possible, we then combined spectra from quasars observed on multiple nights with the same instrument configuration.
Processing of the MIKE spectra used the MIRedux package now bundled within the XIDL software package 7 . This pipeline uses algorithms similar to HIRedux. The primary difference is that the flux is estimated together with the sky using a set of b-spline models which is demanded by the short 5 slits employed with MIKE. In addition, these data were fluxed prior to coaddition using the reduced spectrum of a spectrophotometric standard 6 http://www.ucolick.org/∼xavier/HIRedux/index.html 7 http://www.ucolick.org/∼xavier/IDL/index.html (taken from the same night in most cases). Therefore, we provide both fluxed and normalized spectra from this instrument.
Details on the data reduction of ESI and MagE spectra are provided in previous publications (Prochaska et al. 2003b; Fumagalli et al. 2013) .
All of the reduced and calibrated spectra are available on the project's website 8 . The Keck/HIRES spectra will also be provided in the first data release of the KODIAQ project (Lehner et al. 2015) .
LLS DEFINITION
Before proceeding to analysis of the sample, we strictly define the Lyman limit system. There are three aspects to the definition:
1. The velocity interval analyzed, which also corresponds to a finite redshift window.
2. The N HI value of the system.
3. The spatial proximity of the LLS to other astrophysical objects (e.g. the background quasar or a foreground DLA).
Of these three, the first has received the least attention by the community yet may be the most important. Establishing a precise definition, however, is largely arbitrary despite the fact that it may significantly impact the studies that follow. This includes the assessment We observed this system with both the MIKE (top) and MagE (bottom) spectrometers at LCO. The spectra show a break in the flux at λ ≈ 3585Å but residual flux down to λ ≈ 3500Å where the Lyman limit from a lower redshift absorber occurs. By modeling the flux decrement of the z = 2.917 LLS, we establish a precise estimate of its total N HI value. It is also evident that the H I Lyα profile alone offers very little constraint on N HI .
of gas kinematics (Prochaska & Wolfe 1997) , metallicity (Prochter et al. 2010; Fumagalli et al. 2011a) , and even the contribution of LLSs to the cosmic mean free path (Prochaska et al. 2014b) . In this paper (and future publications), we adopt an observationally-motivated velocity interval of ±500km s −1 centered on the peak optical depth z peak LLS of the H I Lyman series. Frequently, we estimate z peak LLS from the peak optical depth of a lowion, metal-line transition. An LLS, then, is all of the optically thick gas at |δv| < 500km s −1 from z peak LLS . In practice, we have not simply summed the H I column densities of all Lyα absorbers within this interval. Instead, we have adopted the integrated N HI estimate from the Lyman limit decrement or adopt N HI from the analysis of damping in the Lyα profiles (see the next section for more detail). As an example of the latter, we treat the two absorbers at z = 3.1878 and z = 3.1917 towards PKS2000-330 (Prochter et al. 2010 ) as a single LLS. Similarly, we sum metal-line absorption identified within the interval although it rarely is detected in intervals that exceeds 200km s −1 . Moreover, this window was adjusted further to exclude absorption from unrelated (e.g higher or lower redshift) systems. While this is an observationally driven definition, we note that it should also capture even the largest peculiar motions within dark matter halos at z ∼ 2.
With |δv| < 500km s −1 as the first criterion, we define an LLS as any combination of systems with N HI ≥ 10 17.3 cm −2 within that interval; this yields an integrated optical depth at the Lyman limit τ 912 ≥ 1. In practice, we distinguish the LLS from DLAs by requiring that N HI < 10 20.3 cm −2 . Systems with 10 16 < N HI < 10 17.3 cm −2 are referred to as partial LLSs or pLLSs, and are excluded from analysis in this manuscript. Last, we refer to an LLS within 3000 km s −1 of the background quasar as a proximate LLS or PLLS (Prochaska et al. 2008b ). There are 5 PLLSs within our sample satisfying this definition, all with velocity separations of at least 2000km s −1 from the reported quasar redshifts. Altogether, we present measurements for 157 LLSs at redshifts z LLS = 1.76 − 4.39 and with N HI = 10 17.3 − 10 20.25 cm −2 . Here and in future papers we refer to this dataset as the high-dispersion LLS sample (HD-LLS Sample). We will augment this sample in the years to follow via our web site.
N HI ANALYSIS
Although the continuum opacity of the Lyman limit generates an unambiguous signature in a quasar spectrum, it is generally challenging to precisely estimate the H I column density N HI for a given LLS system. This follows simply from the fact that exp(−τ 912 ) 1 for N HI > 10 18 cm −2 and all of the H I Lyman series lines are on the saturated portion of the curve-of-growth for N HI < 10 19 cm −2 . Furthermore, the damping of Lyα is difficult to measure for N HI 10 20 cm −2 , especially in low S/N spectra or at z > 3 where IGM blending is 
substantial.
Our approach to identifying LLS and estimating their N HI values involved two relatively distinct procedures. For LLS with large N HI values (> 10 19 cm −2 ), we searched each spectrum for absorption features with large equivalent widths W λ characteristic of a damped Lyα line (i.e. W λ 1Å). We then considered whether these candidates could be related to a broad absorption line (BAL) system associated to the background quasar or Lyβ associated to a higher redshift DLA. Any such coincidences were eliminated. For the remaining candidates, we performed an analysis of the Lyα profile by overplotting a series of Voigt profiles with N HI > 10 18.5 cm −2 , adjusting the local continuum by-eye as warranted. When low-ion metal absorption was detected near the approximate centroid of Lyα, we centered the model to its peak optical depth and refined the N HI value accordingly. We did not, however, require the positive detection of metal-line absorption. In all cases, the Doppler parameter of the model Lyα line was set to 30 km s −1 . For cases were the S/N was deemed sufficient and lineblending not too severe, we estimated (by visual inspection) a 'best' N HI value and corresponding 1σ uncertainties. Although this procedure is rife with human interaction, we maintain that it offers the most robust assessment (to date) for N HI estimation. This is because the dominant uncertainties are systematic (e.g. continuum placement and line-blending), which are difficult to estimate statistically. We provide the adopted N HI values and error estimates of our SLLS sample (99 systems with N HI ≥ 10 19 cm −2 ) in Table 3 . These represent roughly 2/3 of the total HD-LLS Sample. This high fraction occurs because we only require coverage of H I Lyα to identify and analyze these SLLS. This implies a much larger survey pathlength than for the lower N HI LLS. In addition, one may identify and analyze multiple SLLSs along a given sightline whereas one is restricted to a single LLS when the Lyman Limit is central to the analysis. Because these SLLSs tend to span nearly the entire ±500km s −1 window that defines an LLS, it is possible that there is additional, optically thick gas not included in our N HI estimate. This will be rare, however, and the underestimate of N HI should generally be much less than 10%.
In parallel with the search for LLSs having strong Lyα lines, we inspected each spectrum for a Lyman limit break. For those the LLSs that exhibit non-negligible flux at the Lyman limit, i.e. τ 912 < 3, a precise N HI estimation may be recovered. In practice, such analysis is hampered by poor sky subtraction and associated IGM absorption that stochastically reduces the quasar flux through the spectral region near the Lyman limit and affects continuum placement. In the following, we have been conservative regarding the systems with N HI measurements from the Lyman limit flux decrement. We are currently acquiring additional, low-dispersion spectra to confirm the flux at the Lyman limit for a set of the HD-LLS Sample. Figure 2 shows one example of a pLLS observed with both the MIKE and MagE spectrometers. Note. -All column densities are log 10 . The flag in the final column indicates the quality of the measurement. A f lg HI = 1 corresponds to a more precisely measured value and one may assume a Gaussian PDF with the errors reported taken as 1σ uncertainties. A f lg HI = 2 corresponds to a less precisely measured value, and we recommend one adopt a uniform prior for N HI within the error interval reported. See text for further details. a Redshift estimates for the peak H I opacity from metals and Lyman series absorption. Table 3 ). Systems with N HI < 10 19 cm −2 all have z LLS > 2.6 as coverage of the Lyman limit is required for the H I analysis.
The flux decrement is obvious and one also appreciates the value of higher spectral resolution (with high S/N) for resolving IGM absorption.
For the remainder of the systems identified on the basis of a Lyman limit break, we adopt conservative bounds (i.e. upper and lower limits) to the N HI values. These are based primarily on analysis of the Lyα line and the flux at the Lyman limit. The absence of strong damping in the former provides a strict upper limit to N HI while the latter sets a firm lower limit. These bounds are provided in Table 3 , and Figure 3 shows two examples of these 'ambiguous' cases. In practice, the bounds are often an order-of-magnitude apart, e.g. 10 17.7 cm −2 < N HI < 10 18.9 cm −2 . Furthermore, it is difficult to estimate the probability distribution function (PDF) of N HI within these bounds. One should not, for example, assume a Gaussian PDF centered within the bounds with a dispersion of half the interval. In fact, we expect that the PDF is much closer to uniform, i.e. equal probability for any N HI value within the bounds. This expectation is motivated by current estimations of the N HI frequency distribution f (N HI , X) which argue for a uniform distribution of N HI values for randomly selected systems with N HI ≈ 10 18 cm −2 O'Meara et al. 2013) . Going forward, we advocate adopting a uniform PDF.
As a cross-check on the analysis, 50 of the sightlines were re-analyzed by a second author to identify LLSs and estimate their N HI values. With two exceptions, the values between the two authors agree within the estimated uncertainty and we identify no obvious systematic bias 9 . These two exceptions have > 0.5 dex difference due to differing definitions used by the two authors and we have adopted the values corresponding to the strict definition provided in § 3. This exercise confirms that the uncertainties are dominated by systematic effects, not S/N nor the analysis procedures. Table 3 lists the adopted N HI value, errors on this value, the bounds on N HI , and a flag indicating whether one would assume a normal or uniform PDF. shows a histogram of the adopted N HI values and a scatter plot against z LLS . It is evident that the HD-LLS Sample is weighted towards higher N HI values and z ∼ 3.
IONIC COLUMN DENSITIES
For each of the HD-LLS Sample, we inspected the spectra for associated metal-line absorption. Emphasis was placed on transitions with observed wavelengths redward of the Lyα forest. A velocity interval was estimated for the column density measurements based on the cohort of transitions detected. Velocity plots were generated and inspected to search for line-blending. Severely blended lines were eliminated from analysis and intermediate/weak cases were measured but reported as upper limits. All of these assignments were vetted by JXP, MF, and JMO. Figures 5 and 6 show the Si II 1526/Si IV 1393 transitions for three representative SLLSs and the C II 1334/C IV 1548 transitions for three LLSs with N HI 10 17.7 cm −2 . These data indicate a great diversity of line-strengths for these transitions within the SLLS sample. We also conclude that metalabsorption is dominated by high-ions in the lower N HI systems.
Column densities were measured using the apparent optical depth method (AODM; Savage & Sembach 1991) which gives accurate results for unsaturated line profiles. On the latter point, the echelle data (MIKE,HIRES) have sufficiently high resolution to directly assess linesaturation, i.e. only profiles with minimum normalized flux f min less than 0.1 may be saturated. For the echellette data (MagE, ESI), however, line-saturation is a concern (e.g. Prochaska et al. 2003b ). In general, we have proceeded conservatively by treating most lines as saturated when f min < 0.5. For many of the ions analyzed in these LLSs, we observe multiple transitions with differing oscillator strengths and have further assessed linesaturation from the cohort of measurements.
Uncertainties were estimated from standard propagation of error, which does not include error from continuum placement. To be conservative, we adopt a minimum uncertainty of 0.05 dex to the measurements from a given transition. When multiple transitions from the same ion were measured (e.g. Si II 1304 and Si II 1526 for Si + ), we calculate the ionic column density from the weighted mean. Otherwise, we adopt the measurement from the single transition or a limit from the cohort emphasizing positive detections.
A complete set of tables and figures for the metal-line transitions analyzed for each LLS are given online. Tables 4 and 5 summarize the results for Al + , Al ++ , Fe + , C + , C +3 , O 0 , Si + , and Si +3 . A listing of all the measurements from this manuscript is provided in the Appendix. Figures 7 and 8 show the column density distributions for a set of Al, Fe, Si, C, and O atoms/ions as a function of the LLS N HI value. Not surprisingly, the lower ionization states show an obvious correlation 10 with H I column density although there is a large scatter at all values. The near absence of positive detections for O I (i.e. N (O 0 ) < 10 14 cm −2 ) at low N HI is also notable. This suggests a rarity of high metallicity gas in systems with τ 912 < 10. The high ions are also positively correlated with the neutral column but with yet larger scatter and much smaller correlation coefficients.
RESULTS
In the following, we present a set of results derived from the column density measurements of the previous sections. For this manuscript, we restrict the analysis to an empirical investigation. Future studies will introduce additional models and analysis (e.g. photoionization modeling) to interpret the data. We further restrict the discussion to ionic abundances and defer the analysis of kinematics to future work. [19.0, 20.3) . The C, Si, and Al ratios show strong evidence that the gas is more highly ionized at low N HI values. Similarly, the set of Si + /O 0 values exceeding −0.7 dex are indicative of a highly ionized gas. We further emphasize that the log(Si + /Si +3 ) ≈ −0.5 dex values at high N HI suggests that this gas is also partially ionized.
Ionization State
As noted above, a full treatment of the ionization state of the gas including the comparison to models will be presented in a future manuscript. We may, however, explore the state of the gas empirically through the examination of ionic ratios that are sensitive to the ionization state of the gas. Figure 9 presents four such ionic ratios against N HI . These primarily compare ions of the same element (e.g. C +3 /C + ) to eliminate offsets due to differing intrinsic chemical abundances (i.e. varying abundance ratios). In this analysis, we have taken the integrated column density across the entire LLS. While there is evidence for variations in these ratios within individual components, these tend to be small (e.g. Prochter et al. 2010 , Figure 5 ). Therefore, the trends apparent in Figure 9 reflect the gross properties of the LLS sample.
All of the C +3 /C + , Si +3 /Si + , and Al ++ /Al + ratios exhibit a strong anti-correlation with N HI indicating an increasing neutral fraction with increasing H I opacity. Taking limits as values, the Spearman rank test yields a probability of less than 10 −3 for the null hypothesis, in each case. For all of these ions, the upper ionization state is dominant for N HI 10 18.5 cm −2 and vice-versa for higher N HI values. We emphasize, however, that even at N HI ≈ 10 20 cm −2 the observed ratios are frequently large, e.g. log(Si +3 /Si + ) ≈ −0.5 dex. This suggests that the gas is predominantly ionized even at these larger total H I opacities.
This inference is further supported by the Si + /O 0 . Ignoring differential depletion, which we expect to be modest in LLSs, the Si + /O 0 ratio should trend towards the solar abundance ratio ( Si / O = −1.2 dex) in a neutral gas given that Si and O are both produced in massive stars and are observed to trace each other in astrophysical systems (e.g. stellar atmospheres). We identify, however, a significant sample of systems with [19.0, 20.3) . If ionization corrections are small, {X i /H 0 } provides an estimate of the logarithmic metal abundance relative to solar. The measurements appear to indicate a declining trend of gas metallicity with increasing N HI . We argue, however, that this apparent trend is driven by ionization effects and the set of upper/lower limits at low/high N HI values. Furthermore, given the large scatter at all N HI values, it will be challenging to establish any trend between enrichment and N HI value in the LLSs.
Because the majority of ionization processes (e.g. photoionization, collisional ionization) predict Si Prochaska & Hennawi 2009 ), these measurements offer further evidence that LLSs are highly ionized.
Metallicity
A principal diagnostic of the LLSs is the gas metallicity, i.e. the enrichment of the gas in heavy elements. This quantity is generally characterized relative to the chemical abundances observed for the Sun. For the following, we adopt the solar abundance scale compiled by Asplund et al. (2009) , taking meteoritic values when possible.
Because the LLSs are significantly ionized, the observed ionic abundances reflect only a fraction of the total abundances of Si, O, H, etc. Therefore, a full treatment requires ionization modeling. We may, however, offer insight into the problem by examining several ions relative to H 0 . To minimize ionization corrections, one restricts the analysis to ionization states dominant in a highly optically thick (i.e. neutral) medium.
The results for four low-ions are presented in Figure 10 , normalized to the solar abundance. We have introduced here a new quantity and notation: cant decline in metal content with increasing N HI . This apparent anti-correlation, however, is driven by at least two factors. First, larger N HI implies larger metal column densities such that the transitions saturate yielding a preponderance of lower limits. By the same token, at low N HI values the transitions are often undetected yielding upper limits to the ionic ratios. Second, we have argued from Figure 9 that the gas is increasingly ionized with decreasing N HI . For Si + , C + , and Al + , the ionization corrections for {X i /H 0 } are likely negative (e.g. Prochaska 1999; Fumagalli et al. 2011a) , and would lower the metallicity one infers from such ratios. We believe these factors dominate the trends apparent in Figure 10 .
In fact, it is even possible that the true distribution exhibits the opposite trend. (Sofia & Jenkins 1998; Prochter et al. 2010) , but the corrections are still likely to be modest (several tenths dex). Unfortunately, the measurements are dominated by limits: upper limits at N HI < 10 18.5 cm −2 and lower limits at N HI > 10 19 cm −2 . Nevertheless, the data require that [O/H] > −1.7 for the SLLSs and indicate [O/H] < −1.3 dex for LLSs with N HI ≈ 10 18 cm −2 . We tentatively infer that the median metallicity is approximately flat with N HI and possibly increasing; more strictly, we rule out a steeply declining O/H metallicity with increasing N HI . A similar conclusion may be drawn from the {Si + /H 0 } measure- -Comparison of {X i /H 0 } measurements for C + and Si + against absorption redshift. Left-hand panels are for the LLSs with N HI < 10 19 cm −2 and the right-hand panels are for the SLLS population. All of the data show evidence for a declining enrichment with increasing redshift, although this assertion is statistically significant (> 99% c.l.) only for the SLLS sample. The absence of low values at z ≈ 2 implies a reduced incidence of near-pristine gas with high H I columns at that epoch. ments which scatter less from line-saturation. The LLSs with N HI ≈ 10 18 cm −2 show very few positive detections and have a median {Si + /H 0 } < −1 dex. In contrast, the LLSs at N HI ≈ 10 19.5 cm −2 frequently exhibit {Si + /H 0 } > −1 dex. Another result apparent from Figure 10 is the large dispersion in measurements at every N HI value. This is most notable for Si + which has multiple transitions that permit measurements of the column density over a larger dynamic range. At the largest N HI values, the values/limits of {Si + /H 0 } span nearly four orders of magnitude! And although the measurements for LLSs with N HI ≈ 10 17.5 − 10 19 cm −2 include many upper limits, one identifies values and upper limits with {Si + /H 0 } > −0.5 dex together with upper limits having {Si + /H 0 } < −2. Clearly, any underlying trend of enrichment with N HI will be diluted by the large intrinsic scatter within the LLSs. One may even argue that if such a dispersion is indicative of multiple astrophysical systems, then defining a mean of the LLS population has limited scientific value.
Despite the large dispersion, we emphasize that very few of the LLS in the HD-LLS Sample are "metal-free", i.e. exhibiting no metal-line absorption and therefore consistent with primordial abundances. Of the n LLS LLSs, only 25 have no low-ion detections outside the Lyα forest and 18 of these exhibit a positive detection in a higher-ion. For the other 7, one has been previously been identified as consistent with primordial (Fumagalli et al. 2011a) . The remainder have a diversity of S/N and spectral coverage and therefore are generally less sensitive to measuring a low metallicity. Several will be examined in greater detail in a future manuscript. Nevertheless, we may conclude that the incidence of very low metallicity gas (< 1/1000 solar) is rare in the LLS popula-tion (< 5%). Furthermore, none of the 82 LLSs with N HI > 10 19.2 cm −2 are metal-free 11 . By z ∼ 3, gas that is dense enough to exhibit a very high Lyman limit opacity has previously been polluted by heavy elements.
At the opposite end of the enrichment distribution, we identify 13 systems with a positive {Si + /H 0 } measurement that exceeds 0 dex. This includes four extreme examples with {Si + /H 0 } > +0.5 dex. Because these four LLSs also have N HI ≥ 10 19 cm −2 we expect that corrections for ionization are modest (see Prochaska et al. 2006) and that these are truly super-solar abundances. The others, however, have uncertainties consistent with the gas being sub-solar even before accounting for ionization. We conclude, subject to additional future analysis, that super-solar enrichment is also rare in the LLSs.
In Figure 12 , we examine {Si + /H 0 } and {C + /H 0 } values as a function of redshift, splitting the LLS sample at N HI = 10 19 cm −2 . The values for the lower N HI systems suggest a declining trend with increasing redshift, e.g. in contrast to the lower redshift systems, none of the z > 3.5 LLSs have a positive detection of {C + /H 0 } > −0.5 dex. Even if we restrict analysis to positive detections, however, an anti-correlation is not statistically significant.
Turning to the SLLS population, the {X i /H 0 } distributions show obvious trends with redshift (limits not withstanding). Treating all of the positive detections at their plotted values, a Spearman's rank correlation test rules out the null hypothesis at > 99% c.l. We interpret this anti-correlation as lower average enrichment within the SLLS at higher redshift. This conclusion relies on the assumption that ionization corrections will not evolve significantly with redshift, which will be investigated in a future work. A similar decline in metallicity has been established in the DLA population (e.g. Prochaska et al. 2003a; Rafelski et al. 2012 ) and has been interpeted as resulting from the ongoing enrichment of galactic ISM with cosmic time. Future work will perform a quantitative comparison between the two populations and explore the implications for the evolving enrichment of optically thick gas at z > 2. In passing, we emphasize the absence of low {X i /H 0 } values at z ≈ 2 which implies a reduced incidence of near-pristine gas with high H I columns at that epoch.
Nucleosynthetic Patterns
It is the conventional wisdom that LLSs primarily trace gas outside of the ISM of galaxies, e.g. within their dark matter halos (aka CGM) or at yet greater distances (Fumagalli et al. 2011b; Prochaska et al. 2013) . Despite their separation from galaxies, we have demonstrated that the LLSs are generally enriched in heavy elements and provided evidence that their metallicity frequently reaches ∼ 1/10 solar abundance. Therefore, a non-negligible fraction of this optically thick medium has been processed through the furnaces of a stellar interior and presumably was transported from a galaxy via one more physical processes. One plausible transport process is an explosive event, e.g. a supernovae that expelled the gas shortly after enriching it. In this case, the gas may exhibit a distinct nucleosynthetic pattern from those ob-11 There is the possibility of a slight bias against our identifying metal-free SLLS but we have been as careful as possible to select systems based solely on the Lyα profile. served for galactic ISM, i.e. if the supernovae ejecta did not mix prior to escaping the system. Additionally, the LLSs may couple the metal production within galaxies to the enrichment of the diffuse IGM (e.g. Aguirre et al. 2001; Schaye et al. 2003; Steidel et al. 2010 ). This motivates comparison of the abundances for these two diffuse and ionized phases.
We may explore several ionic ratios that trace different nucleosynthesis channels. As with metallicity, one must account for ionization effects when interpreting the results. Figure 13 plots four pairs of ions from the dataset, again represented as {X i /Y j } with ionization corrections explicitly ignored. The figure also indicates the probable offsets to the ratios if ionization effects were important, as estimated from photoionization calculations (e.g. Prochaska 1999 ). Similarly, we indicate the likely offsets from differential depletion and the dominant nucleosynthesis channels (Type Ia and Type II enrichment).
The left-hand panels show two measures of α/Fe, a key diagnostic of the relative contributions of Type Ia and Type II SNe nucleosynthesis (Tinsley 1979 Previous studies of gas in the IGM at z ∼ 2 have reported an enhanced Si/C abundance (Aguirre et al. 2004 ). This result was derived statistically from the pixel optical depth method and is sensitive to the assumed model of the extragalactic UV background (EUVB; see also Simcoe 2011) . The results for LLSs offer a mixed picture ( Figure 13 ). There are a handful of positive {Si + /C + } values up to +0.5 dex, with the highest measurements at low metallicity. On the other hand, the sample is dominated by upper limits (from C II 1334 saturation) and over half of these have {Si + /C + } < +0.3 dex. Once again, photoionization corrections would only strengthen this result. As such, the LLS observations do not appear to exhibit a high enrichment of Si/C than that previously inferred for the IGM. Figure 13 also presents the set of {Al + /C + } measurements that are not fully compromised by line-saturation. These data are consistent with the lighter element ratios in LLSs having solar relative abundances. The preponderance of upper limits, however, allows that Al could be under-abundant relative to C.
Comparisons
We have restricted the HD-LLS Sample to systems with N HI < 10 20.3 cm −2 to exclude the DLAs. This was partly motivated by the expectation that the majority of LLSs are predominantly ionized and therefore physically distinct from the neutral gas comprising DLAs. It was also motivated by the desire to examine this optically thick gas separately from the decades of research on the DLAs. Nonetheless, the N HI = 10 20.3 cm −2 criterion is primarily an observationally defined boundary and one may gain insight into the nature of the LLSs through a combined comparison. Such analysis has been performed previously for the SLLS by ? Som et al. (2013) .
We consider two such comparisons here. Figure 14 presents the {Si + /H 0 } and {Fe + /H 0 } measurements for the HD-LLS Sample together with measurements from the sample of DLAs of Rafelski et al. (2012) . For both datasets, we have restricted to z abs = [1.6, 3.3] to minimize trends related to redshift evolution. To zeroth order, the DLA measurements extend in a roughly continu-12 Such gas may also experience differential depletion, i.e. elevated Si/Fe ratios in the gas phase to the refractory nature of these elements (e.g. Jenkins 2009) . If the gas is predominantly ionized, however, the depletion levels may be modest and this effect would be small. ous manner from the measurements of the LLSs. Indeed, comparing the samples of DLA measurements with the SLLSs (taking limits at their values), one observes overlapping distributions with similar median values. The only notable distinction, perhaps, is the small set of LLSs with N HI ≈ 10 19 cm −2 and high {X i /H 0 } values (exceeding 0 dex for Si + ). This suggests a higher incidence of highly enriched gas in the LLS, although we caution it could be partly an effect of ionization. The dispersion in the measurements is also larger for the LLSs, and is likely higher than suggested by the Figure given the preponderance of upper/lower limits for the LLS/DLA.
Turning to the higher ionization states, Figure 15 presents the C +3 and Si +3 column densities from the LLSs and DLAs. Once again, the DLA distribution extends in a nearly continuous manner from the upper end of the LLS data and the column density distributions for the SLLSs and DLAs are similar. Together, Figures 14 and 15 lend support to scenarios that envision LLSs as the outer layers of gas surrounding DLAs, i.e. these systems frequently sample the same structures. Such physical associations may be examined by studying DLAs and LLSs along pairs of quasar sightlines, an active area of research (Ellison et al. 2007; Fumagalli et al. 2014; Rubin et al. 2014) .
Examining the high-ion comparison further, there is at least one import distinction: the LLSs and especially the SLLSs show a much higher incidence of low N (C +3 ) and N (Si +3 ) values. This is unexpected given that (i) the LLSs trace highly ionized gas; (ii) the DLAs trace predominantly neutral gas that is physically distinct from the high-ions (Wolfe & Prochaska 2000; Prochaska et al. 2008a ). The results presented here indicate that the gas layers giving rise to DLAs are embedded in a reservoir of highly ionized gas that frequently exceeds the typical surface density in LLSs. This follows previous work Rafelski et al. 2012; Neeleman et al. 2013 ). Similar to the low-ion abundances, the measurements show a continuous transition from the LLS regime to higher N HI values. As such, there is substantial overlap in the distribution of measurements and limits (right-hand panels compare the values for DLAs [darker] and SLLSs [lighter] ). One notable and surprising difference is that the SLLSs show a higher incidence of low columns of C +3 and Si +3 . Despite tracing predominantly neutral gas, the DLAs also mark a reservoir of highly ionized gas that frequently exceeds the medium encompassing the LLSs.
which has inferred high quantities of both neutral and ionized gas for the DLAs (Fox et al. 2007; Lehner et al. 2014) . It further suggests that high-ions more closely trace higher density regions in the universe and/or may reflect a difference in the masses of the dark matter halos hosting LLSs and DLAs.
Lastly, we have compared our measurements against the small set of literature values for SLLSs at z > 2 ( Dessauges-Zavadsky et al. 2003; Som et al. 2013) . The low-ion column densities are typically larger in those publications, consistent with the higher N HI values of the SLLSs that were sampled.
SUMMARY
We have constructed a sample of 157 LLSs at z ∼ 2 − 4 observed at high-dispersion with spectrometers on the Keck and Magellan telescopes which constitute the HD-LLS Sample. In this manuscript, we present the complete sample and present column density measurements of H I and associated metal absorption. For the latter, analysis was restricted to transitions redward of the Lyα forest and has focused on commonly detected species. These measurements and the associated spectra are made available online with this publication 13 . This constitutes, by roughly an order of magnitude, the largest high redshift sample of LLS analyzed in this manner.
We have explored empirical trends in the column density measurements and report statistically significant (> 99.99%) correlations between the low-ion (e.g. Si + , C + ) columns and N HI . High-ion species (Si +3 , C +3 ) are detected in nearly all LLSs and their column densities 13 http://www.ucolick.org/ ∼xavier/LLS also correlated with N HI . Examining ionic ratios sensitive to the ionization state (e.g. C +3 /C + , Si +3 /Si + ), we conclude that the LLSs are predominantly ionized with more highly ionized gas in lower N HI systems.
Ratios of low-ion column densities to N HI indicate a wide spread in metal-enrichment within the LLSs, likely spanning four orders of magnitude. Only a small subset ( 5%) of the HD-LLS Sample have no positive detections of associated metals, consistent with primordial abundances. None of the LLSs with N HI ≥ 10 19.2 cm −2
are 'metal-free'. We conclude that a very high percentage of high-density gas at z ∼ 3 was previously enriched to 1/1000 solar abundance. The HD-LLS Sample also exhibits a small subset (∼ 10%) of LLSs that have solar or super-solar enrichment. These likely represent the most enriched gas reservoirs in the high redshift universe. Lastly, we have examined several ionic ratios that are sensitive to the nucleosynthetic enrichment history of the gas. Future manuscripts on the HD-LLS Sample will: (i) study the metallicity distribution of the LLSs accounting for ionization effects and will estimate the contribution of optically thick gas to the cosmic metal budget; (ii) examine the kinematic characteristics to constrain the physical origin of the gas; (iii) offer constraints on the N HI frequency distribution for optically thick gas. 
